In the absence of sunlight energy, microbial community survival in subterranean aquifers depends on integrated mechanisms of energy and nutrient scavenging. Because karst aquifers are particularly sensitive to agricultural land use impacts due to rapid and direct hydrologic connections for pollutants to enter the groundwater, we examined the fate of an exogenous pesticide (atrazine) into such an aquifer and its impact on microbial ecosystem function. Atrazine and its degradation product deethylatrazine (DEA) were detected in a fast-fl owing karst aquifer underlying atrazineimpacted agricultural land. By establishing microbial cultures with sediments from a cave conduit within this aquifer, we observed two distinct pathways of microbial atrazine degradation: (i) in cave sediments previously aff ected by atrazine, apparent surface-derived catabolic genes allowed the microbial communities to rapidly degrade atrazine via hydroxyatrazine, to cyanuric acid, and (ii) in low-impact sediments not previously exposed to this pesticide, atrazine was also degraded by microbial activity at a much slower rate, with DEA as the primary degradation product. In sediments from both locations, atrazine aff ected nitrogen cycling by altering the abundance of nitrogen dissimulatory species able to use nitrogenous compounds for energy. Th e sum of these eff ects was that the presence of atrazine altered the natural microbial processes in these cave sediments, leading to an accumulation of nitrate. Such changes in microbial ecosystem dynamics can alter the ability of DEA to serve as a proxy for atrazine contamination and can negatively aff ect ecosystem health and water quality in karst aquifers.
In the absence of sunlight energy, microbial community survival in subterranean aquifers depends on integrated mechanisms of energy and nutrient scavenging. Because karst aquifers are particularly sensitive to agricultural land use impacts due to rapid and direct hydrologic connections for pollutants to enter the groundwater, we examined the fate of an exogenous pesticide (atrazine) into such an aquifer and its impact on microbial ecosystem function. Atrazine and its degradation product deethylatrazine (DEA) were detected in a fast-fl owing karst aquifer underlying atrazineimpacted agricultural land. By establishing microbial cultures with sediments from a cave conduit within this aquifer, we observed two distinct pathways of microbial atrazine degradation: (i) in cave sediments previously aff ected by atrazine, apparent surface-derived catabolic genes allowed the microbial communities to rapidly degrade atrazine via hydroxyatrazine, to cyanuric acid, and (ii) in low-impact sediments not previously exposed to this pesticide, atrazine was also degraded by microbial activity at a much slower rate, with DEA as the primary degradation product. In sediments from both locations, atrazine aff ected nitrogen cycling by altering the abundance of nitrogen dissimulatory species able to use nitrogenous compounds for energy. Th e sum of these eff ects was that the presence of atrazine altered the natural microbial processes in these cave sediments, leading to an accumulation of nitrate. Such changes in microbial ecosystem dynamics can alter the ability of DEA to serve as a proxy for atrazine contamination and can negatively aff ect ecosystem health and water quality in karst aquifers.
Microbial Atrazine Breakdown in a Karst Groundwater System and Its Eff ect on Ecosystem Energetics
Brandon C. Iker Northern Kentucky University Pat Kambesis Western Kentucky University Stuart A. Oehrle Northern Kentucky University Chris Groves Western Kentucky University Hazel A. Barton* Northern Kentucky University W orldwide crop production has increased signifi cantly in the last 50 yr, primarily due to agricultural technologies that include the use of pesticides (Ribaudo and Bouzaher, 1994; Ecobichon, 2001) . Within the United States, pesticides such as atrazine (2-chloro-4-ethylamino-6-isopropylamino-s-triazine) are among the most widely used agricultural chemicals, with approximately 35 × 10 6 kg yr −1 applied annually (USEPA, 2006) . As a result of its extensive use, atrazine can now be found in surface water, groundwater, and the atmosphere (Lode et al., 1995; Hancock et al., 2008; Steele et al., 2008; Yao et al., 2008) . Th e fate of atrazine and its degradation products in groundwater is not clearly understood despite the fact that it is known to function as an endocrine disruptor in populations dependent on these water resources, such as fi sh, amphibians, and reptiles (Hayes et al., 2002; Suzawa and Ingraham, 2008) . Atrazine has also been linked to infertility in women, which could aff ect communities dependent on groundwater as a source of drinking water (Suzawa and Ingraham, 2008) . As a result of such concerns, the USEPA has determined the acceptable level for atrazine in drinking water to be below 0.3 μg L −1 (USEPA, 2006) , and its use is outlawed in the European Union (Sass and Colangelo, 2006) . Nonetheless, the expanding use of atrazine is a problem in developing nations, where agricultural systems demonstrate that an increasing reliance on pesticides, with limited regulation and no measure of environmental contamination, is leading to potentially serious health problems (Ecobichon, 2001) .
Karst is a term used to denote landscapes formed on and within soluble rock, often limestone, causing a set of distinctive surface features such as sinkholes and subsurface features that include aquifers with cavernous (cave) conduits. Although investigators have looked at the fate of atrazine within the unconfi ned vadose zones of groundwater systems with slow fl ow rates (years to decades) (Bayless, 2001; Hancock et al., 2008) , they have not examined the fate of atrazine in fast-fl ow karst systems other than in issues related to rates and route of contamination (Panno and Kelly, 2004) . Th e use of atrazine in areas that overlie shallow karst aquifers has the potential to negatively aff ect groundwater quality because karst terrains provide multiple, direct hydrologic connections from the surface into groundwater systems (White, 1988; Ford and Williams, 1989; Quinlan, 1989; White, 2003) . Th e surface and subsurface connections and rapid velocities associated with surface and groundwater fl ow allow atrazine to move quickly into and through a karst groundwater system (Vesper et al., 2001; Panno and Kelly, 2004) . As a result of this rapid fl ow, groundwater in karst areas does not have the residence time to allow natural purifying processes, such as adsorption, degradation, and fi ltration, to remove this pesticide (White, 1988; Ford and Williams, 1989; Bayless, 2001; Martin-Neto et al., 2001; Capel et al., 2008; Hancock et al., 2008; Steele et al., 2008) . Nonetheless, because a signifi cant proportion of the United States and the world population obtains drinking water from karst aquifers (Worldwatch Institute, 2007) , it is critical that the fate of atrazine and its degradation products in such systems be understood.
Th e aim of this study was to examine the impact of a xenobiotic compound, such as atrazine, on the microbial ecology of a karst groundwater system and what impact this may have on water quality. We wanted to expand beyond existing studies that examine the movement of such contaminants into karst groundwater systems. Our data suggest that microbial species in karst aquifers play an important role in the degradation of such compounds, although for atrazine, such activities may have a previously unforeseen impact on drinking water quality.
Materials and Methods

Site Description and Water Chemistry
Th e Coldwater Cave groundwater basin is located within Winneshiek County, Iowa and southeast Fillmore County, Minnesota (Fig. 1) . Th e Coldwater Cave drainage basin is located within a well developed fl uvio-karst landscape in a predominantly agricultural setting, with 32% of the land planted with corn during the 2003 season (Fig. 1) . Sinkholes, sinking streams, stream sieves, and caves characterize this landscape. Surface water enters the groundwater system via these features, fl owing through a series of minor and major conduits before discharging to the surface through two main springs, Coldwater Spring and Carolyn Spring (Fig. 1) . A series of small overfl ow springs also discharges groundwater during periods of high fl ow. Water runs from these springs to drain into the Upper Iowa River to the south. Th e Coldwater Cave system has been surveyed to 28 km in length and contains a 7-km-long master conduit that serves as the main drain of the karst area. During a 2003 study to determine groundwater fl owpaths and fl ow rates, 10 dye traces were conducted in the Coldwater Cave drainage basin area during base fl ow and drought conditions (Kambesis, 2007) . Results from the tracer tests measured the movement of groundwater at a rate of 600 to 1000 m d −1 during drought conditions. Another series of traces in the same drainage during high fl ow conditions measured groundwater fl ow rates as high as 2 km d −1 (White, 1988) . Together these data suggest that the Coldwater Cave drainage basin represents a fast-fl ow system dominated by short groundwater residence times (<24 h). Because there were no changes in the hydrology of this system between 2003 and when the sediment samples were collected, there is strong hydrological support that the sample sites chosen are either exposed (high atrazine impact [IM]) or not (low impact [LI] ) to surface run-off and atrazine.
Water samples were collected for pesticide and degradation product analysis monthly for the year 2003. During sampling, temperature, conductivity, and pH were measured with Oakton 300 series pH and conductivity meter. For water chemistry, 2 L of water were collected in glass bottles from Coldwater and Carolyn Spring and stored at 4°C. Samples were tested within 72 h at the USDA Agricultural Research Service Laboratory (Columbia, MO) for atrazine and the metabolites deisopropylatrizine and deethyaltrazine (DEA). For these measurements, atrazine and DEA were concentrated on C 18 solid-phase extraction cartridges, eluted with ethyl acetate, and subject to gas chromatography mass spectrometry according to the method of Lerch and Blanchard (2003) . Using this method, the detection limit is 0.003 μg L −1 for atrazine and 0.004 μg L −1 for DEA. During July and December, atrazine levels alone were measured in the fi eld using the Atrazine RaPID Assay test kit with a detection limit of 0.046 μg L −1 (A00071; Strategic Diagnostics, Inc., Newark, DE).
Within Coldwater Cave, sediment samples were collected at two distinct locations. One location was directly below an inlet into the system, where dye-tracing studies demonstrate that water fl ows rapidly from the surface into the cave (Kambesis, 2007) . Because this site was regularly inundated by surface runoff from a corn fi eld, which has been shown to be a primary route for groundwater loading, IM was suspected (Panno and Kelly, 2004) . Th e other location was a low-impact area within the cave, with sediments exposed to stream water only during rare periods of high fl ow. Th is site was considered LI because is unlikely that these sediments have previously been exposed to atrazine. As a control, a composite soil sample was obtained as a 2-cm core from an active agricultural fi eld directly above the cave (top soil [TS] ; Fig. 1 ). All samples were placed on ice in the fi eld and transported back to the lab within 24 h.
Gene Probing
Soil and sediment samples were collected as a core from the top 2 cm at each sample site. For DNA extraction, samples were treated in the fi eld with 70% ethanol and stored at −20°C. Th e DNA was extracted from approximately 0.5 g of each sample using the MO BIO Power Max soil DNA Kit (MoBioLabs, Solana Beach, CA). To screen for the presence of functional genes involved in atrazine breakdown, polymerase chain reaction (PCR) analysis was performed on purifi ed DNA to test for the presence of atzABCD and trzN homologs. Primers for the amplifi cation of atzABCD were described previously (de Souza et al., 1998b) . Custom primers were designed to detect trzN (5′-ATGATCCTGATCCGCGGACTG-3′ and 5′-GAGTGCTGTCGTATTCGCGAC-3′) (Mulbry et al., 2002) . Polymerase chain reaction amplifi cation of the functional genes atzABCD and trzN was performed as follows: denaturation at 94°C for 45 s, annealing for 30 s, and elongation at 72°C for 1.5 min, repeated for 32 cycles (de Souza et al., 1998b) . Annealing temperatures for each PCR reaction were as follows: trzN, 60°C; atzA, 56°C; atzB, 68°C; atzC, 63°C; and atzD, 56°C. Plasmids containing atzABCD and trzN were used as a positive control. Ammonia-oxidizing bacteria (AOB) were identifi ed by amplifi cation of the amoA gene using amoA-1f* (5′-GGGGHTTYTACTGGTGGT-3′) and amoA-2R (5′-CCCCTCKGSAAAGCCTTCT-3′), adapted from Hornek et al. (2006) , with an annealing temperature of 60°C. Nitrospira-like nitrite-oxidizing bacteria (NOB) were identifi ed by amplifi cation using the 616F and Ntspa1158R primers as previously described (Maixner et al., 2006) . All PCR products were visualized on a 1% agarose gel after electrophoresis and staining with ethidium bromide.
Enrichment Cultures
To enrich for atrazine-degrading organisms, 0.1 mg mL −1 atrazine (unless otherwise stated, all chemicals were from SigmaAldrich, St. Louis, MO) was resuspended in fi lter-sterilized water from Coldwater Cave (as a base media) and autoclaved (Krutz et al., 2008) . Twenty-fi ve milliliters of this enrichment media was inoculated with approximately 0.3 g of the IM and LI sediments. As a control, replicate cultures containing sediment with groundwater alone were established. All microcosms were allowed to incubate in the dark at room temperature for 3 wk. To measure atrazine breakdown by these preconditioned IM (P-IM) and LI (P-LI) microcosms, 300-μL subcultures were established. Th ese subcultures contained 100 μL of the P-IM or the P-LI microcosm amended with 200 μL of groundwater containing 100 μg mL −1 atrazine. As a control for abiotic atrazine degradation, uninoculated controls were set up that contained 200 μL of autoclaved, sterile atrazine solution and 100 μL of fi lter-sterilized groundwater. At set-up (Day 0), 50 μL for each condition was centrifuged at 10,000 × g to remove the cells and debris, and the supernatant was frozen at −20°C. Th is process was repeated every 24 h for 7 d and then at Week 2 and Week 3, allowing us to monitor atrazine breakdown over a 3-wk period. To examine nitrogen cycling by microbial species, the microcosms were examined for the production of ammonia and nitrate. Th e concentrations of ammonia and nitrate in these microcosms were measured over the course of 3 wk using Hach Ammonia (TNT830) and Nitrate (TNT835) TNTplus kits (Hach Company, Loveland, CO). Due to the presence of nitrate (4.3 mg L −1 ) in the basal groundwater, this concentration was deducted from all values to determine new nitrate accumulation.
Ultra-Performance Liquid Chromatography and Tandem Quadropole Mass Spectrometry Analysis
To look for atrazine degradation and its subsequent metabolites, ultra-performance liquid chromatography and tandem quadropole mass spectrometry (UPLC/MS/MS) was performed on the samples. Th e system consisted of a UPLC system for separating the individual metabolites and a Waters TQD Tandem Quad Mass Spectrometer (Waters Corporation, Milford, MA) using simultaneous electrospray ionization in positive and negative mode. Separation of the components was done using a 2.1 × 100 mm ID (1.7-μm particle) Acquity BEH C 18 column at 40°C with a 7-min gradient using a mobile phase of water and acetonitrile (each with 0.1% ammonium hydroxide added) and a fl ow rate of 0.45 mL min −1
. Each standard used was of analytical grade purity (% purity shown) (SigmaAldrich) and was used to confi rm transition ions and retention times on the UPLC/MS/MS system (an example separation is shown in Fig. 2 ). Individual standards tested by UPLC/MS/ MS were atrazine (>97.7%), hydroxyatrazine (HA) (>98%), hydroxydeethylatrazine (HDEA) (>98.7%), ammeline (>96.7%), deethylatrazine (DEA) (>98%), deisopropylatrazine (DIA) (>98%), hydroxydeisopropylatrazine (HDIA) (>95%), didealkyatrazine (DDA) (>98.5%), N-isopropylammelide (>96.7%), and cyanuric acid (>98%). All samples were centrifuged to remove suspended solids before loading on the system and run together with the standards. Th e peak areas were used to determine the relative amount of each component, and a blank and a standard mix were run throughout the set to verify system performance, compound identifi cation, and accuracy.
Results
Groundwater Chemistry
Water was collected at Coldwater and Carolyn Springs ( dissolved oxygen, had an average of 4.3 mg L −1 nitrate, and had a pH of 7.22, as measured during the study. Th e water samples were tested for the presence of a number of pesticides, but only atrazine and its degradation product DEA (Fig. 3) were present in signifi cant amounts, refl ecting the heavy planting of corn in the drainage basin. Atrazine and DEA were detected in all samples tested, except for July and December, where sampling was limited to in-the-fi eld atrazine measurement. Median atrazine values were 0.13 μg L −1 at Coldwater Spring and 0.13 μg L −1 at Carolyn Spring, and DEA was detected as 0.26 and 0.25 μg L −1 , respectively (Fig. 3) . Th e highest levels of atrazine and DEA occurred during April and May 2003, corresponding with atrazine application during the planting season, although measured concentrations never exceeded the USEPA limit of 3 μg L −1 for drinking water (USEPA, 2006) . Th e comparatively low levels of atrazine detected at Coldwater and Carolyn Springs were unexpected due to the high percentage of the drainage basin planted with corn during the 2003 growing season (Fig. 1) , where atrazine is the predominant herbicide and is applied at an average rate of approximately 5 kg ha -1
(4 lb acre -1 ) (USEPA, 2006). More surprising was that in all the analyses, DEA levels were almost twice that of atrazine. Th e DEA/atrazine ratio (DAR) is used as an indicator of atrazine residence time in soil during transport to the groundwater (Th urman and Fallon, 1996) . High DAR levels (DAR > 1) are characteristic of slow moving, diffuse fl ow of groundwater through the soil column, where abiotic processes, such as adsorption and fi ltration, lead to atrazine removal (Bayless, 2001; Mackay et al., 2006) . At Coldwater Spring, the DAR was 2.0, and at Carolyn Spring, the DAR was 2.3; these values are in direct contrast to that expected for the fast fl ow of the Coldwater drainage basin indicated by dye tracing studies (Kambesis, 2007) . Th is unusually high DAR cannot be justifi ed by the limited residence time of the groundwater and the nature of the focused recharge of this karst system, which presumably bypasses these normal degradation events (Hancock et al., 2008) . Th erefore, another mechanism must account for the loss.
Despite the short residence time of groundwater in the Coldwater drainage basin and the long half-life of atrazine in the soil (37-87 d) (Tappe et al., 2002; USEPA, 2006) , studies suggest that microbial soil communities preconditioned with atrazine can rapidly break down this herbicide (>65% degradation in approximately 5 d) (Yassir et al., 1999; Smith and Crowlery, 2006; Krutz et al., 2008) . We therefore wanted to determine if microbial species in Coldwater Cave sediments were responsible for the observed atrazine degradation.
Microbial Atrazine Degradation
Microcosms were established in 25 mL of groundwater from the cave with and without the addition of 100 μg mL −1 atrazine. Th e atrazine was not dissolved in an organic solvent, such as acetonitrile, before addition. Due to the low solubility of atrazine in water, this produced a slight opacity in the microcosms that provided a convenient visual to track atrazine breakdown into its more soluble degradation products. No additional amendments (such as glucose or phosphorous) were made to the microcosms, requiring the microbial species present to use atrazine as the primary carbon, energy, and nitrogen source (Aaslestad and Larson, 1964; Cerniglia and Perry, 1975) . Th is also requires species present to scavenge and turn over phosphorous in the sediments, more closely modeling the predicted microbial activity in a karst setting (Barton and Jurado, 2007; . All cultures were incubated in the dark at approximately 20°C for 21 d, after which time it was readily apparent that the amended, high-impact (IM) microcosm was rapidly degrading atrazine, as seen by the clearing of the media. Clearing was also observed in the non-impacted (LI) microcosm. Th e atrazine-amended IM and LI microcosms were therefore considered preconditioned for atrazine degradation and are referred to as P-IM and P-LI, respectively.
Once the preconditioned microcosms had been established, we examined the role of microbial activity on the rate and metabolic route of atrazine breakdown. By following the breakdown of atrazine using UPLC, we observed a rapid breakdown of atrazine in the preconditioned high-impact (P-IM) microcosm, with almost complete removal in 3 d (Fig. 4A) , which is fast enough for microbial species within these cave sediments to account for the observed breakdown of atrazine in a fast-fl ow groundwater system. Within the P-IM microcosm, HA levels were high during maximal atrazine degradation (Fig. 4B) , followed by an observable accumulation of cyanuric acid (Fig. 4C) . Although DIA and DEA were detectable in the P-IM microcosm, the compounds were only present in trace amounts ( Fig. 4E and  4F) . Th e accumulation of cyanuric acid in the P-IM microcosm continued over 7 d, with a gradual decrease in levels toward the end of the experiment at 21 d. Th e relatively low levels of this compound throughout the experiment likely represent the rapid degradation of this product to ammonia and CO 2 . Th is pattern is similar to that seen for atrazine breakdown by microbial species using the atzABCD/trzN catabolic pathway (de Souza et al., 1998b; Martinez et al., 2001; Mulbry et al., 2002) .
Atrazine degradation was also observed in the LI microcosm preconditioned with atrazine (P-LI), albeit at a much slower rate (Fig. 4A) . Within these microcosms, a 50% reduction in the total concentration of atrazine was observed after 21 d. Th roughout the course of the P-LI microcosm experiment, no HA was seen to accumulate in the supernatant, suggesting an alternate pathway for atrazine breakdown in this microcosm. To determine how atrazine was being degraded, we examined supernatants for the presence of alternate atrazine breakdown products, including DIA, DEA, DDA, HDIA, HDEA, and ammeline. Of the potential degradation products, only DIA, DEA, and HDEA were present in signifi cant levels in the P-LI microcosms (Fig. 4D-F) . Th ese data support an alternative mechanism to the atzABCD/trzN atrazine degradation pathway in the P-LI microcosm and the detection of DEA in the Coldwater and Carolyn spring Samples (Fig. 3) .
Th e rapid breakdown of atrazine via HA in the high-impact (P-IM) microcosm suggests that microbial species present in this microcosm use the atzABC/trzN catabolic pathway, previously described for Pseudomonas sp. ADP (Martinez et al., 2001) , Arthrobacter aurescens TC1 (Strong et al., 2002) , and other environmental consortia (de Souza et al., 1998a; de Souza et al., 1998b; Smith et al., 2005) . To test whether this was indeed the case, we used PCR to determine if these catabolic genes were present in TS, sediments collected in the cave (IM and LI) and the microcosms following preconditioning with atrazine (P-IM and P-LI). Th e results (Table 1) demonstrate the presence of the atrazine catabolic genes atzABC in surface soils, representing the atrazine dehalogenase (atzA), hydroxyatrazine hydrolase (atzB), N-IPA isopropylaminohydrolase (atzC), and trzN (which is functionally identical to atzA). Of these genes, only trzN was present in IM cave sediments before amendment. Nonetheless, exposure of the IM sediment to atrazine in the P-IM microcosm led to the detection of atzB, atzC, and trzN. Th is detection is presumably due to the relative enrichment of species containing these genes. Although atzA is conspicuously absent, its loss would not aff ect atrazine breakdown due to the functional similarity of trzN. None of the genes known to be involved in atrazine catabolism was detected in the LI cave sediments pre-or post-atrazine (P-LI) amendment. Th is suggests that bacterial species possessing these genes are not present within pristine sediments or that they are at levels below detection levels using the PCR method.
Atrazine Impact on Microbial Ecosystem Energetics
Due to the high amount of nitrogen in atrazine, we wanted to assess the impact that the pesticide had on nitrogen cycling within these microcosms. To determine whether the microcosms contained the metabolic potential for nitrogen cycling activities, we used PCR analysis to determine whether the gene for bacterial ammonia oxidation (AOB; by amplifi cation of the bacterial ammonia monoxygenase amoA gene) and Nitrospiralike NOB (as determined by the presence of the Nitrospiralike bacterial 16S rRNA gene sequence) were detectable within Coldwater Cave sediments. Th e results (Fig. 5) suggest that the soil in a corn fi eld (TS) above the cave contains bacterial species with the potential for AOB and NOB activity in abundance. Th is activity is commonly observed in such soils (Hansel et al., 2008) . Within the cave, these genes were detected within the IM sediment before amendment; however, the addition of atrazine reduced the relative abundance of amoA and the NOB 16S rDNA genes in the P-IM microcosm. Th ere was also a shift in nitrogen metabolic potential in the LI cave sediments.
Before the addition of atrazine, no AOB or NOB genes were detectable in the LI sediments; however, the addition of atrazine led to a PCR product corresponding to the presence of NOB species, along with a faint band corresponding to amoA in the P-LI microcosm.
Th e AOB and NOB genes were no longer detectable after a 3-wk incubation of the P-IM and P-LI sediments in the absence of atrazine (data not shown). Th is suggests that atrazine may have been exerting an impact on the microbial ecosystem within the IM sediments when they were initially collected but that this activity is quickly lost in the absence of this compound.
With the observed change in the ammonia-and nitrite-oxidizing potential of the microcosm after the addition of atrazine, we wanted to determine how this aff ected the concentration of nitrogenous compounds in the supernatant. Th e results (Fig. 6) suggest that ammonia is produced and then quickly consumed in the IM microcosm. Th e absence of high levels of ammonia in the P-IM microcosm likely refl ects the rapid production and consumption of this compound before the fi rst sampling point (mirroring what is seen for HA in this microcosm; Fig. 4 ). Th ere is also an accumulation of nitrate in the IM and P-IM microcosms. Th is lack of denitrifi cation appears to correspond to the gradual loss of NOB species in this microcosm (Fig. 5) . In the LI and P-LI microcosms, ammonia is produced much more slowly, although an accumulation of nitrate is still observed.
Over the course of an extended 6-mo incubation, nitrate levels did not return to baseline in the P-IM microcosm (data not shown), suggesting that denitrifying species no longer play a dominant role in atrazine-amended sediments. Together, these data suggest that the addition of atrazine within a karst aquifer can have a profound impact on microbial nitrogen cycling, leading to an accumulation of atrazine and nitrate within groundwater.
Discussion
It has been projected that by 2080, 3.2 billion people worldwide will not have access to clean drinking water (IPCC, 2007) . Although 25% of the world's fresh water is supplied by karst aquifers (Ford and Williams, 1989) , little work has been done to determine the role that indigenous microbial species play in maintaining the quality and potability of this water (Hancock et al., 2008; Steele et al., 2008) . We therefore used microcosms to help understand how the impact of a xenobiotic compound, such as the pesticide atrazine, could alter the microbial ecology of a karst system and aff ect water quality. By examining the eff ects of atrazine on the microbial communities in impacted and pristine sediments from the Coldwater Cave drainage basin, our studies suggest that atrazine can have a profound impact on the metabolic processes and nitrogen energetics of microbial communities with the cave sediments. Th e degradation of atrazine by the microfl ora within the cave may also be heavily infl uenced by prior exposure to atrazine and soil-derived genetic elements. Th e consequences of these impacts are potentially severe for microbial community diversity and function in such nitrogen-starved environments.
Atrazine-Impacted Cave Sediments
Sediment samples from an area previously exposed to atrazine contained a microbial population capable of breaking down this compound rapidly (Fig. 4) . Th e detection of soil-associated atrazine catabolic genes (atzBC and trzN) within these sediments, even before atrazine amendment in the laboratory, suggests that either soil-derived bacterial species containing these genes or mobile genetic elements (such as plasmids, insertion sequences, and phage) could be washed, along with atrazine, into the cave (Devers et al., 2007; Devers et al., 2008; Ghosh et al., 2008) . In support of this argument is the absence of such genes within the LI sediments even after atrazine enrichment.
Th e rapid evolution of a microbial metabolic pathway for atrazine degradation in the last 50 yr is insignifi cant in comparison to the rate at which these catabolic genes (atzABCD/trzN) have spread among soil microbial populations (Janssen et al., 2005; Ghosh et al., 2008) . Indeed, a recent study demonstrated that within soil-derived bacteriophages, trzN was among the dominant genes available for lateral gene transfer (Ghosh et al., 2008) . Th is study suggests that such genes are also entering the subsurface and contaminating native aquifer populations. Whether trzN and atzABC are carried into the subsurface via allochthonous species or via smaller mobile genetic elements remains to be determined. To this end, we are currently using molecular techniques to determine whether soil derived species or horizontally transferred genetic elements are present within the IM and P-IM sediments.
Whatever the source of the catabolic genes, the breakdown of atrazine via the trzN/atzBC pathway leads to the production of HA as the primary degradation product. Within our microcosm experiments, HA was detectable at levels 400-fold in excess of DEA and represented 20% of the initial atrazine levels. Nonetheless, HA is generally not considered a primary degradation product of atrazine and is thus is not regulated by the USEPA (USEPA, 2006) . Th is study argues against that assessment and agrees with a similar fi nding by Krutz et al. (2008) that HA is the predominant degradation product of atrazine in the environment. Unfortunately, a rapid fi eld test is not available for HA, as currently exists for DEA. Although the DEA fi eld assay can sometimes detect other triazine compounds, it cannot distinguish between DEA and HA, and no specifi c fi eld test for HA exists. Th us, DEA levels may dramatically underestimate the levels of atrazine and its degradation products in atrazineimpacted environments. 5 . Detection of Nitrospira-like nitrite-oxidizing bacteria (NOB) and ammonia-oxidizing bacteria (AOB) within cave sediments. Nitrite-oxidizing bacteria species were identifi ed using polymerase chain reaction primers against the 16S gene sequence of Nitrospira-like species, whereas AOB were identifi ed using the ammonia mono-oxygenase (amoA) gene. TS, top soil; IM, atrazine impacted cave sediments; LI, low-impact cave sediments; P-IM, preconditioned high-impact sediment; P-LI, preconditioned lowimpact sediment (P-IM and P-LI are co-cultures preconditioned with 100 mg L −1 atrazine for 3 wk).
Th e impact of atrazine on nitrogen cycling microbial communities is another important issue. Although the aminoacyl groups of the compound represent partially oxidized substrates, the triazine ring itself is fully oxidized, making atrazine a poor energy source. Nonetheless, the degradation of atrazine can provide large amounts of nitrogen into the system in the form of ammonia Janssen et al., 2005) . Although ammonia entering a nitrogen-limited environment aff ects nutrient scavenging, it can also lead to a change in microbial ecosystem energetics, with a potential increase in AOB and anaerobic ammonia-oxidizing bacteria (Francis et al., 2007) . Th e sum of these new metabolic activities would be the oxidation of ammonia and the accumulation of nitrite and nitrate. Th is could lead to an increase in microbial species able to oxidize these compounds, such as NOB and denitrifying (nitrate-reducing) bacteria (Francis et al., 2007) . Within our P-IM microcosm, it appeared that the presence of atrazine reduced the contributions of ammonia-oxidizing species (Fig.  5) . Our data suggest that within atrazine-impacted sediments containing the atzBC/trzN catabolic genes, high levels of this pesticide may reduce the ammonia-and nitrite-oxidizing capabilities within the microbial community despite the fact that ammonia is the primary degradation product. Within cave environments, nitrogen is usually limiting, and microbial communities demonstrate numerous assimilating activities to scavenge this essential nutrient (Barton and Jurado, 2007; . Such activities would normally strip any available nitrate from the karst aquifer; however, in the presence of atrazine, nitrogen dissimilatory (energy generating) processes could dominate, with the net result of nitrate production. Nitrate itself represents an environmental pollutant commonly attributed to fertilizers in the environment, with toxic eff ects that could potentially outweigh those of atrazine (Forman, 2004; Panno and Kelly, 2004; Manassaram et al., 2006) . Past studies using isotope ratio analyses of the nitrate present in these springs suggested that it was anthropogenic in origin (Kambesis, 2007) , and our results suggest that atrazine could be a contributing factor to its accumulation.
Pristine (Low-Impact) Cave Sediments
Low-impact sediments from Coldwater Cave contained microbial communities capable of breaking down atrazine despite a lack of previous exposure to this pesticide, albeit much more slowly (over the 21 d of the experiment). Th e degradation of atrazine in these sediments likely refl ects the intrinsic ability of microbial cave species to catabolize complex organic molecules through potentially mutualistic activities (Smith and Crowlery, 2006; Barton and Jurado, 2007) , although the number of naturally occurring halogenated compounds within cave environments is low (Saiz-Jimenez and Hermosin, 1999) .
Before the evolution of the atz/trz pathways, atrazine was thought to have been degraded very slowly by microbial species via successive dealkylation steps (Shapir et al., 2007) . It was the recalcitrant nature of atrazine to such microbial degradation that at one time made it such a useful pesticide. Such pathways also established DEA as the primary metabolite of atrazine despite the recent emergence of pathways for the rapid catabolism of this compound to HA (Khan and Behki, 1986; de Souza et al., 1998b; Wackett et al., 2002) . To determine the relative contribution of soil-derived catabolic genes (HA accumulation) and intrinsic catabolic degradation (DEA accumulation) to atrazine breakdown in karst aquifers would require an assessment of the relative HA and DEA levels in such systems.
Th e eff ect of atrazine on microbial nitrogen metabolism had a surprising eff ect in LI sediments. Within these sediments, atrazine increased the predominance of microbial species encoding nitrite-oxidizing metabolic potential, with a detectable presence of AOB. Th e source of the nitrite in the absence of high AOB activity is unclear, although nitrifi cation of ammonia to nitrate can also occur by anaerobic AOB or ammonia-oxidizing archaea (Francis et al., 2007) . Although archaea were not examined as part of this study, recent work suggests that ammonia-oxidizing archaea activity can be the predominant driver of such activity in sediments (Prosser and Nicol, 2008) . A preliminary examination of the sediment community structure in the LI and P-LI microcosms suggests that anaerobic ammonia-oxidizing Planctomycetales species are abundant (Barton et al., unpublished results) . Nonetheless, a dramatic shift in community nitrogen energetics after the addition of atrazine would alter the delicate balance of nitrogen cycling and ecosystem energetics; the rapid rise in dissimilatory nitrifi cation (NOB) activities may come at the expense of normal nitrogen cycling, particularly nitrogen fi xation. If nitrogen-fi xing species are lost within these cave sediments, this could threaten ecosystem survival and the normal purifying activities (such as nitrate scavenging) of microbial communities within the aquifer.
Conclusions
In the absence of sunlight and signifi cant nutrients, microbial community diversity and survival in caves depends on a delicate balance between energy derived in situ (autotrophy) and the turnover of endogenous and exogenous organic carbon (heterotrophy). It is no surprise that the addition of an exogenous compound such as atrazine has a signifi cant eff ect on community metabolic activity and potential nitrogen energetics. What is surprising is the potentially broad-ranging impact that atrazine could have on these subsurface communities: Not only does atrazine appear to enrich for soil-derived catabolic genes, but it may also aff ect the potentially purifying activities of the microbial communities within these cave environments and lead to the accumulation of nitrate. Together these eff ects may have a profoundly negative eff ect on microbial ecosystem health in karst aquifers, which could aff ect human access to clean, potable water.
